Chicken genomes contain '=30,000 chicken repeat 1 (CR1) elements scattered among single-copy sequences, but no information has yet been presented to account for how these elements could have dispersed. 
5' truncations suggested to us that they might belong to the class of non-long terminal repeat retrotransposons that encode reverse transcriptases. From an analysis of unusually large CR1 elements, we now provide evidence for the presence of such a reverse transcriptase open reading frame. CR1 elements are distantly related to previously described non-long terminal repeat retrotransposons; however, we rind that frog and torpedo ray genomes contain dispersed open reading frame segments that have >50% identity to the CR1 open reading frame. This result suggests that CR1-like elements exist in several vertebrate classes that have evolved independently for =400 million years.
Genomic sequences that derive from the reverse flow of genetic information are termed retrotransposons. Although initially viewed as a curiosity, it has become increasingly evident that retrotransposons impart an enormous degree of fluidity to eukaryotic genomes (for reviews, see refs. 1 and 2). Retrotransposon insertions are a major source of mutations in genetically tractable organisms such as yeast and Drosophila (1) and more recently have been shown to be a source of mutations in humans as well (3) (4) (5) . Nonreciprocal homologous recombinations between retrotransposons that have integrated into different sites also contribute to genome plasticity and ha --recently been shown to be a cause of human genetic disorders (6, 7) .
Retrotransposons can be grouped into two major classes depending on whether they are bounded by long terminal repeat (LTR) sequences similar to those found in retroviruses (2) . Efforts to understand mechanisms involved in the movement of LTR retrotransposons have benefited greatly from the extensive body of knowledge obtained from studies on the structurally related retroviruses. Much less is known about the mechanisms used to effect the transposition of non-LTR retrotransposons, which are also referred to as LINE-like elements (8) , nonviral elements (2), poly(A) type retrotransposons (1) , and retroposons (9) . Indeed, this class is so diverse that distinct mechanisms must have evolved to effect the dispersal of different elements. Most non-LTR retrotransposons have poly(A) tracts or simple A-rich repeats at their 3' ends, and many show variable 5' truncations indicative of incomplete reverse transcription (10) . The subset of non-LTR retrotransposons that are transcribed by RNA polymerase III, termed SINE elements (11) , lack open reading frames (ORFs) comparable to those found in retro-
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viruses and, therefore, must rely on reverse transcriptases (RTs) that act in trans. On the other hand, with the exception of processed retropseudogenes and small nuclear RNA retropseudogenes, most non-LTR retrotransposons transcribed by RNA polymerase II contain ORFs that are related to retroviral gag and pol genes. However, whereas RT domains are evident within all of the non-LTR element pol-like ORFs, domains resembling RNase H and integrase are encoded by only a subset of these elements, and protease domains have not been found to be encoded by any non-LTR retrotransposons (10) . Similarly, some (12) , but not all (13) , of the retrotransposon gag-like ORFs encode a zinc-finger domain (Cys-Xaa2-Cys-Xaa4-His-Xaa4-His; where Xaa is any amino acid) similar to viral gag proteins.
Most of the non-LTR retrotransposons that contain presumptive (or known) RT ORFs have been isolated from invertebrate species (10) . The two previously known exceptions are the mammalian Li elements (14) and the frog Tx elements (15) . Li elements have 3' poly(A) tracts and variable 5' truncations, whereas Tx elements are unique in having terminal inverted repeats. The evolutionary histories ofthese two elements are obscure because each has thus far been found in only a single vertebrate class.
Whereas mammalian genomes contain -100,000 copies of Li elements (14) , avian genomes contain "=30,000 copies of a distinct set of elements (16, 17) that were first discovered in chickens and were named CR1 (chicken repeat 1) elements (18) . The fact that CR1 elements have common 3' ends and variable 5' truncations indicated that they might be non-LTR retrotransposons (19 20-,ul vol of restriction enzyme buffer and digested with Msp I for 2 hr at 37°C to cut the religated circles of interest between the oligonucleotide-binding sites used in the subsequent inverse PCR reaction (22) . Half of the sample was then diluted into a 100-,ul PCR mixture (Perkin-Elmer) containing 50 pmol each of two oligonucleotides (5'-TGTACTCATC-CAGTCTC-3' and 5'-TGAGTCTCACCTCTGTG-3') and subjected to 30 cycles of PCR amplification (1 min at 95°C, 1 min at 50°C, 2 min at 72°C) followed by 4 min at 72°C. The resultant 0.8-kb fragment was ligated into the pCRII vector (Invitrogen). Exonuclease III/S1 deletions were made from each end of three independent clones in parallel reactions using Erase-a-Base reagents (Promega), and plasmids with nested deletion breakpoints were sequenced using Sequenase reagents (United States Biochemical). RESULTS In a previous study we identified an 836-bp CR1 element (denoted CR1.TVIII) that transposed into a chicken vitellogenin pseudogene within the last =16 million years (19) . This CR1.TVIII element was unique among the known CR1 elements in having an ORF segment. Although a data base search failed to reveal the identity of this 273-aa ORF A 0.2 kb segment, we reasoned that this shortcoming might be redressed by analyzing larger CR1 elements.
To bias our search in favor of minimally mutated CR1 elements, we initially screened a genomic library under high-stringency conditions using two probes from the CR1.TVIII element. Of the 12 clones that were positive with both probes, 3 proved to be reisolates of CR1.TVIII. By sequencing 5 of the other 9 CR1 elements, the previously noted ORF segment was refined and extended to 518 aa. This ORF was further extended to 712 aa by sequencing three additional clones obtained by using the method of inverse PCR (22) . On the basis of a genomic Southern blot analysis (data not shown), we estimate that only =30 CR1 elements extend to the 2232-bp 5' endpoint we have thus far obtained for the CR1 consensus sequence. In contrast, previous studies have shown (17) that =1000 CR1 elements are as large as 836 bp and that =30,000 CR1 elements are =400 bp or less (see Fig. 1 ). It is important to note that each CR1 element analyzed in the present study deviated only modestly (by <4%) from the consensus, and these differences appeared to be randomly distributed (data not shown). The consensus sequence is thus unambiguous, and we infer that it corresponds to the sequence of a master element(s) that served as a template for the transposed CR1 elements that we sequenced.
A preliminary screen of the data base revealed similarities between the deduced CR1 ORF and the presumptive RT ORF encoded by the mosquito Ti non-LTR retrotransposon (13 elements. To date we have derived 2232 bp of a CR1 consensus sequence that we infer corresponds to roughly the 3' half of a fulllength element (see text). We provide evidence that the ORF segment encoded by this sequence is the carboxyl-terminal end of an RT ORF. Two unusual features of CR1 elements are shown. Although most non-LTR retrotransposons have poly(A) or other simple A-rich sequences at their 3' ends, CR1 elements terminate in an imperfect direct repeat that is not A-rich and is not preceded by a consensus (AAUAAA) polyadenylylation signal. CR1 elements also have an unusually high frequency of 5' truncations. For example, we estimate that only -0.1% of the CR1 elements extend as far as -2 kb from their 3' ends, whereas -40% of the mammalian Li elements extend this far (14) . (B) The sequence of the CR1 ORF segment deduced from the present study. Note that the core domain maps to aa 258-522 (see Fig. 2 ).
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Proc. Natl. Acad. Sci. USA 90 (1993) 8201 ular motifs are well conserved. Included among these are signature motifs that have been shown to be conserved within the core domains of all known non-LTR retrotransposons (23) . On the basis of this comparison, we conclude that CR1 elements belong to the class of non-LTR retrotransposons. In contrast to the modest (between 23% and 32%) degrees ofidentity between the RT core domains ofCR1 elements and previously characterized non-LTR retrotransposons, the presumptive CR1 RT core domain was found to be 57% identical to the remnant RT core domain from the frog XELRPT repetitive element (Fig. 3) . The presence of a pol-like ORF for the XELRPT element was not previously reported (24) ; rather, it was identified from the data base search undertaken to identify ORF segments related to the CR1 ORF. The chicken CR1 and frog XELRPT elements are even more similar (64% identity) over the ORF segments that lie carboxyl-terminal to the RT core domain (Fig. 4) . In contrast, the previously characterized non-LTR elements are most similar to CR1 elements over the RT core domain (data not shown). It is worth noting that the frog XELRPT ORF of Fig. 4 Fig. 1 ), a set of previously characterized non-LTR elements (taken from ref. 23 ) and the frog XELRPT element (ref. 24 ; see text) were compared by using the PILEUP program from the Genetics Computer Group software package. The percent identity between the CR1 core domain and the core domains of the other non-LTR elements and the number ofgaps introduced to optimize these alignments are indicated at right. These quantitative data were obtained by using the GAP program from the Genetics Computer Group software package. Note that the frog XELRPT element encodes only a portion of a core domain, corresponding to the 132-237 region of the CR1 core domain as numbered above. This, however, in no way undermines the conclusion that the CR1 and XELRPT elements are specifically related within this region of comparison.
surprising that the related XELRS element from frog (25) was also identified in this data base search and was found to contain an ORF segment that is 60% identical to a portion of the CR1 RT ORF. In addition to these two frog repetitive elements, ORF segments similar to the CR1 RT ORF were also found within the 3' untranslated regions of the acetylcholinesterase genes from two species of torpedo ray (26, 27) as well as the human (28) and mouse (29) colony-stimulating factor 1-encoding genes. Although the significance of the two mammalian sequences might be questioned, given that the segments are each quite short (see Fig. 4 ), the 52% identity between the CR1 RT ORF and the 169-aa ORF segment from 
FIG. 4. Nonavian genomes contain dispersed ORF segments that are similar to the CR1 ORF. The ORF segments shown were culled from the data base using the TFASTA program from the Genetics Computer Group software package. These ORF segments were aligned with the relevant portions of the CR1 ORF (spanning aa 389-712, which is denoted aa 1-324 above) using the PILEUP and PRETTYPLOT programs from the Genetics Computer Group software package. Positions where gaps and frameshifts were introduced to optimize alignments are indicated, respectively, by dashes and Xs. The data base accession numbers for these sequences are as follow: human, M112%; mouse, X05010; mosquito, M35464; ray a, X56517; ray b, X13173; frog a, M24187; and frog b, V01437. The frog a sequence is referred to as XELRPT (24) in the text. Also note that the portion of the CR1 RT core domain shown is numbered aa 1-134 and corresponds to aa 389-522 from Fig. 1 . The carboxyl-terminal boundary of the RT core domain (see Fig. 2 ) is indicated by a pair of arrows. a torpedo ray is clearly significant. On the basis ofthis finding and the results presented above for the frog XELRPT element, we conclude that CR1-like elements exist in at least two nonavian vertebrate classes.
DISCUSSION
Chicken CR1 elements were first identified more than a decade ago, and since then at least 60 CR1 elements have been sequenced. The idea that CR1 elements might have transposed in an RT-dependent manner has long been indicated by the fact that these elements have common 3' ends and variable 5' truncations. However, it was impossible to identify a pol-like ORF in any of the previously reported sequences because the vast majority of CR1 elements are both severely truncated and extensively mutated. Although these features previously hindered progress toward identifying a full-length CR1 element, should one still exist, they can now be used to advantage. In particular, the fact that only :30 CR1 elements extend as far as the current limit of 2232 bp means that the complexity of the search for a master element(s) has been reduced by three orders of magnitude. In addition, the fact that we can derive an unambiguous consensus sequence means that inverse PCR can be used in place of more laborious genomic library-screening protocols to extend CR1 sequences in the 5' direction.
On the basis of the location of the RT core domain within the CR1 consensus sequence relative to the location of RT core domains within other non-LTR retrotransposons, it is likely that our current consensus sequence lacks several hundred amino acid residues from the amino terminus of the presumptive CR1 RT ORF. Furthermore, considering the conserved structural organization of most of the previously characterized RT-encoding non-LTR retrotransposons (2) , it is likely that full-length CR1 elements have a gag-like ORF upstream of, and possibly overlapping, the presumptive pol-like ORF identified in the present study. Because the gag-like ORFs found in non-LTR retrotransposons are typically 300-500 aa in length (10), our sequence probably corresponds to roughly half of a full-length CR1 element.
The finding that torpedo ray and frog genomes harbor dispersed ORF segments that are similar to the CR1 RT ORF indicates that CR1-like elements exist in at least three vertebrate classes that have evolved independently for =400 million years. It is certainly reasonable to suggest that these presumptive RT ORFs are related to the dispersal of these CR1-like elements, especially in the case ofthe frog XELRPT elements that are known to be repetitive and are shown in this study to include signature core RT motifs. Because such closely related elements for Li and Tx have not been reported outside mammalian and amphibian species, respectively, it would appear that CR1-like elements offer an opportunity to learn about the evolution of non-LTR retrotransposons. For example, it will be interesting to determine whether other features of CR1 elements, such as the unusual 3' tandem repeats (see below), are also conserved among the CR1-like elements described here.
Although have not yet determined the structure of a full-length CR1 element, it is impossible to know whether the CR1 transcript(s) that serves as a template for reverse transcription has a bank of tandem repeats or whether some of the 3' repeats are generated during the process of retrotransposition, perhaps by a slippage event occurring during reverse transcription. That some of the transposed CR1 elements are flanked by downstream target sequences that resemble the 3' repeat units suggests that reverse transcription may be primed from free 3' ends at nicked target sites that can hybridize to a repeat unit within CR1 transcripts. Indeed, it has recently been shown that the reverse transcription of R2Bm RNA is primed by a nick at the chromosomal target site, although in this case it is known that priming does not involve base pairing between the exposed 3' DNA end and the RNA template (30) . However, because R2Bm elements integrate into a unique site within 28S genes, whereas CR1 elements have integrated into about 30,000 sites within the chicken genome, it is not unreasonable to imagine that the mechanisms used to prime the reverse transcription of these two elements may differ in their details. Indeed, this result might be predicted because the integration of R2Bm elements results in 2-bp target-site deletions (30) , whereas the integration of one particular CR1 element resulted in a 6-bp target-site duplication (19) .
Because at least 99.9% of chicken CR1 elements are severely truncated, the vast majority of CR1 transposition events could clearly not give rise to new functional elements. Even were a full-length copy of a CR1 transcript transposed in an unmutated form, whether such an element could direct further transposition events is still questionable. For this to occur, the element would have to be expressed in its new chromosomal location, and the resultant transcript would have to be reverse-transcribed. The former requirement could be met if the transposed CR1 element carries an internal promoter, as has been documented for other non-LTR elements (31) (32) (33) (34) , or if the element integrates downstream of a host promoter. It is obviously an open question as to whether the sequence information required to prime reverse transcription is retained on transposed CR1 elements. In moving toward a resolution of these issues it is important to note that, unless the frequency of 5' truncations in the presumptive 5' half of the CR1 transcript is two orders of magnitude less than the frequency of 5' truncations in the 3' portion that we have analyzed, there should be only a few full-length elements to sort through to find a functional element should one still exist. We are thus optimistic that additional insights regarding the transposition of CR1 elements will be forthcoming.
